The purpose of this study was to evaluate the effect of heat treatments on the Vickers hardness of commercially pure titanium and Ti6Al-4V cast alloys. Six-millimeter-diameter cylindrical specimens were cast in a Rematitan System. Commercially pure titanium and Ti-6Al-4V alloy specimens were randomly assigned to 3 groups (n=10) that received the following heat treatments: control (no heat treatment); treatment 1 (T1): heating at 750ºC for 2 h; and treatment 2 (T2): annealing at 955ºC for 1 h and aging at 620ºC for 2 h. After heat treatments, the specimens were embedded in acrylic resin and their surface was ground and polished and hardness was measured. Vickers hardness means (VHN) and standard deviations were analyzed statistically by Kruskal-Wallis test at 5% significance level. For commercially pure titanium, Vickers hardness means of group T2 (259.90 VHN) was significantly higher than those of the other groups , which presented similar hardness means to each other (p>0.05). For Ti-6Al-4V alloy, statistically significant differences were observed among the three groups: T2 (369.08 VHN), T1 (351.94 VHN) and control (340.51 VHN) (p<0.05). The results demonstrated different hardness of CP Ti and Ti-6Al-4V when different heat treatments were used. For CP Ti, VHN means of T2 group was remarkably higher than those of control and T1 group, which showed similar VHN means to each other. For Ti-6Al-4V alloy, however, VHN means recorded for each group may be presented as follows: T2>T1>control.
INTRODUCTION
Titanium has been increasingly used in dental applications because of its excellent biocompatibility (1), high corrosion resistance, low density, high strength/ weight ratio, high ductility, low thermal conductivity and adequate mechanical properties (2) (3) (4) (5) . The most commonly used titanium alloy is Ti-6Al-4V, due to its optimal mechanical characteristics (6, 7) .
Titanium has much lower density (4.2 g/cm 3 ) than conventional alloys such as cobalt-chromium (8.9 g/cm 3 ) and gold (19. 3 g/cm 3 ). Low density associated with a high melting point (approximately 1720ºC for commercially pure titanium -CP Ti) and high chemical reactivity of titanium with elements in the investment (3, 8) require special casting machines (4, 9) .
At room temperature, CP Ti has a hexagonal close-packed crystal structure, which is referred to as the "alpha" phase. At 883ºC, this structure transforms into a body-centered cubic crystal structure, called the "beta" phase. These phase changes can directly influence titanium properties.
Because of the high melting point of titanium and the investment mold with burnout temperatures below 800ºC, the large heat gradient through which titanium must pass may cause a great alteration in its mechanical properties (10) . Studies have shown that substantial benefits in mechanical properties can be achieved when these materials undergoes heat treatments (11) (12) (13) (14) (15) (16) .
For CP Ti and titanium alloys, heat treatments can be employed to reduce the residual stresses that develop during casting, a process called stress relieving, as well as to optimize specific properties such tensile and fatigue strengths and hardness (16) .
In view of the limited data available describing the efficiency of heat treatments in cast titanium structures, the purpose of this study was to evaluate the effect of heat treatments on the Vickers hardness of CP Ti and Ti6Al-4V cast alloys.
MATERIAL AND METHODS
CP Ti and Ti-6Al-4V metals were manufactured by RMI Titanium Company (Niles, OH, USA). Compositions are given in Table 1 . Six-millimeterdiameter cylindrical wax specimens were placed in the dental casting investment (Rematitan Plus; Dentaurum J. P. Winkelstroeter KG, Pforzheim, Germany) and mixed and fired according to the manufacturer's instructions. The molds were inserted in the Rematitan System casting machine (Dentaurum J. P. Winkelstroeter KG), which consisted of 2 chambers: an upper melting chamber that houses a copper crucible and a tungsten electrode, and a lower casting chamber where the invested mold is placed.
Castings were divested and blasted with 50-μm aluminum-oxide particle airborne. The specimens were separated from the sprues using a precision saw (Isomet 1000; Buehler, Lake Bluff, IL, USA).
The CP Ti and Ti-6Al-4V alloy specimens were randomly assigned to 3 groups (n=10) according to the treatment accomplished: control: no heat treatment; treatment 1 (T1): heating at 750ºC for 2 h; treatment 2 (T2): annealing at 955ºC for 1 h and aging at 620ºC for 2 h. Heating and cooling were carried out in a furnace (FV-1 MP, E. D. G. Equipments and Controls Ltd., São Carlos, SP, Brazil) in argon atmosphere.
After heat treatments, the specimens were embedded in acrylic resin (Dencor Clássico Produtos Odontológicos Ltda, São Paulo, SP Brazil). A polishing machine (Metaserv 2000, Buehler UK Ltd, Coventry, West Midlands, England) was used to grind and polish the surface with sandpaper (Carbimet Paper Discs, Buehler) (300, 400, 600 and 1200 grits) and alumina paste (0.5-μm particle size) (Alpha Micropolish, Buehler).
Vickers hardness was measured using a 500-g load and a 15-s loading time (Micromet 2100, Buehler). Vickers hardness means (VHN) and standard deviations were analyzed statistically by Kruskal-Wallis non-parametric test at 5% significance level, for each metal. Table 2 shows Vickers hardness means (± SD) for each experimental condition and metal. For CP Ti, VHN means of T2 group was significantly higher Table 2 . Vickers hardness (VHN) means (± SD) for commercially pure titanium (CP Ti) and Ti-6Al-4V alloys according to the heat treatment performed. 
RESULTS

DISCUSSION
Several studies have attempted to characterize properties of pure titanium and titanium alloys after treatments involving different heating times and temperatures, as well as diverse cooling methods (11) (12) (13) (14) (15) (16) .
In the control group (no heat treatment), the Vickers hardness means recorded for the Ti-6Al-4V alloy (340.51 VHN) was remarkably higher than that of the CP Ti (200.26 VHN) and these values are similar to those reported in previous investigations with both metals (4, 9, (17) (18) (19) .
The heat treatments evaluated [750ºC for 2 h (T1) and annealing at 955ºC for l h followed by aging at 620ºC for 2 h (T2)], yielded different effects on Vickers hardness means recorded for each type of metal.
For CP Ti, Vickers hardness means of T2 group (259.90 VHN) was significantly higher than those of the other groups (T1 -202.23 VHN; control -200.26 VHN), which presented similar means. It has been shown that the hardness of specimens submitted to heat treatment results from the equilibrium between the alpha and beta phases at the treatment temperature, the compositions of these phases and the decomposition of martensite during the quench (12) . Regarding the effect of temperature, it was observed that for CP Ti (alpha structure), T1 treatment temperature (750ºC for 2 h) was below that of the transformation phase temperature (883ºC), which may explain the lack of significant difference between control group (no heat treatment) and T1 group. In contrast, T2 (1-h annealing at 955ºC and 2-h aging at 620ºC) employed a temperature of above 883ºC, at which the transformation of the hexagonal close-packed crystal structure (alpha phase) to the body-centered cubic structure (beta phase) occurs. This significantly increased the hardness of the material, possibly as a result of alterations in the microstructure.
For Ti-6Al-4V alloy, statistically significant differences were observed among the three groups: T2 (369.08 VHN) > T1 (351.94 VHN) >control (340.51 VHN). The higher Vickers hardness means of T2 group (age hardening) is consistent with the results of a previous study (12) , which evaluated the effects of heat treatments on three titanium alloys (Ti-6Al-4V, Ti-6Al-6V-2Sn and Ti-8Al-1Mo-1V) and observed higher hardness values for all alloys after aging in the alpha-beta region, provided that the beta transformed martensitically during the quench.
An important aspect that might have contributed to the increased hardness of both metals with age hardening treatment (T2; temperature above 800ºC) is the cooling method used. In present study, the slow cooling method was employed (7ºC/min in furnace), which permits the formation of an ordered structure and a higher strength and hardness at room temperature, but a lower ductility.
Several variables, such as alloy phase (alpha, alpha-beta or beta), treatment temperature in the field of the alpha-beta or beta phase, temperature duration as well as cooling rate or method, can determine the mechanical behavior of titanium alloys submitted to heat treatments. Threfore, it is difficult to compare the results of this study to those of other studies. In addition, available data about heat treatments in titanium are very limited. Further studies, including fatigue mechanical trials, are required to determine suitable treatment conditions applicable to cast titanium structures, with the aim of improving the chemical, physical, mechanical and biological properties of titanium casts, as well as achieving satisfactory clinical longevity.
Within the limits of this study, it may be concluded that the use of different heat treatments resulted in different hardness means of commercially pure titanium and Ti-6Al-4V. For commercially pure titanium, VHN means of T2 group was remarkably higher than those of control and T1 group, which showed similar VHN means to each other. For Ti-6Al-4V alloy, however, VHN means recorded for each group may be presented as follows: T2>T1>control.
RESUMO
O objetivo deste estudo foi avaliar o efeito de tratamentos térmicos na dureza Vickers do titânio comercialmente puro e da liga Ti6Al-4V. Corpos-de-prova cilíndricos com 6 mm de diâmetro foram fundidos no sistema Rematitan. Os corpos-de-prova de titânio comercialmente puro e da liga Ti-6Al-4V foram divididos aleatoriamente em 3 grupos (n=10): controle (sem tratamento térmico); tratamento 1 (T1): aquecido a 750ºC por 2 h; tratamento 2 (T2): aquecido a 955ºC por 1 h e envelhecido a 620ºC por 2 h. Após os tratamentos térmicos, os corpos-de-prova foram incluídos em resina acrílica, a superfície foi regularizada e polida, e a dureza foi mensurada. 51 VHN) (p<0,05) . Os resultados demonstraram diferente comportamento de dureza do titânio comercialmente puro e da liga Ti-6Al-4V quando diferentes tratamentos foram usados. Para o titânio comercialmente puro, a média de VHN grupo T2 foi consideravelmente maior que as médias dos grupos controle e T1, os quais demonstraram médias similares entre si. Para a liga Ti-6Al-4V, entretanto, a média de VHN registrada para cada grupo pode ser apresentada da seguinte maneira: T2>T1>controle.
